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The Membrane-Microfilament Linker Ezrin
Is Involved in the Formation of the Immunological
Synapse and in T Cell Activation
1999; Monks et al., 1998). This is thought to be important
in order to stabilize the receptor signal transduction
necessary for full T cell activation (reviewed in Delon
and Germain, 2000; Dustin and Chan, 2000; van der
Merwe et al., 2000). The formation of the immunological
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CNRS URA 1960 synapse requires agonistic TCR signaling and a func-
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CNRS URA 1947 Monks et al., 1998; Wu¨lfing and Davis, 1998). Little is
known however about the molecules connecting the3 Unite´ d’Immunologie Mole´culaire
CNRS URA 1961 cytoskeleton with plasma membrane components and
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4 Laboratoire de Morphoge´ne`se investigated whether ezrin, a member of the ezrin-radixin-
moesin (ERM) family of membrane-microfilament link-et Signalisation Cellulaires
UMR 144 CNRS ers, could be involved. Since ezrin and moesin are sub-
strates of protein kinases of the TCR signaling cascadeInstitut Curie
Paris (Egerton et al., 1992; Pietromonaco et al., 1998; Thuillier
et al., 1994), they are likely effectors of TCR signaling.5 Dynamique Mole´culaire des Interactions
Membranaires ERMs control cell shape, cell adhesion, cytokinesis,
and cytoskeleton anchoring of some transmembraneUniversite´ Montpellier II
CNRS UMR 5539 proteins in various cell types including lymphocytes (re-
viewed in Bretscher et al., 2000). ERMs have a homolo-Montpellier
France gous N-terminal domain of about 300 amino acids that
interacts with the plasma membrane and a C-terminal
domain that interacts with the actin cytoskeleton (Al-
grain et al., 1993). ERMs exist in two conformations: aSummary
dormant folded state, stabilized by the intrachain inter-
action between the N-terminal and C-terminal domainsDynamic interactions between membrane and cyto-
skeleton components are crucial for T cell antigen (Pearson et al., 2000), and an active unfolded state that
interacts with the membrane and the actin cytoskeleton.recognition and subsequent cellular activation. We re-
port here that the membrane-microfilament linker ez- This active conformation is favored by the phosphoryla-
tion of a conserved threonine residue in the C-terminalrin plays an important role in these processes. First,
ezrin relocalizes to the contact area between T cells domain and by phosphatidylinositides (Gautreau et al.,
2000; Huang et al., 1999; Matsui et al., 1998; Nakamura etand stimulatory antigen-presenting cells (APCs), ac-
cumulating in F-actin-rich membrane protrusions at al., 1995, 1999; Simons et al., 1998). In T cells, threonine
phosphorylation of ERMs can be accomplished by pro-the periphery of the immunological synapse. Second,
T cell receptor (TCR)-mediated intracellular signals tein kinase C (PKC)-, suggesting that ERMs could be
activated during T cell activation.are sufficient to induce ezrin relocalization, indicating
that this protein is an effector of TCR signaling. Third, The N-terminal domain of ERMs interacts with inter-
cellular adhesion molecules (ICAMs), CD43 and CD44overexpression of the membrane binding domain of
ezrin perturbs T cell receptor clustering in the T cell- (Heiska et al., 1998; Serrador et al., 1997, 1998; Yone-
mura et al., 1998). In T cells polarized by chemokines,APC contact area and inhibits the activation of nuclear
factor for activated T cells (NF-AT). ERMs and these adhesion receptors accumulate in uro-
pods. These membrane extensions protrude at the rear
end of migrating cells and are involved in cell-cell adhe-Introduction
sion (del Pozo et al., 1997; Helander et al., 1996).
Antigen recognition and subsequent T cell activation The binding of phosphatidylinositol 4,5-bisphosphate
require the appropriate interaction between T cells and (PIP2) to their N-terminal domain enhances the interac-
antigen presenting cells (APC). This interaction involves tion of ERMs with the plasma membrane, as well as with
cell motility, cell-cell adhesion, polarization, and recep- transmembrane proteins (Barret et al., 2000; Heiska et
tor relocalization that are dependent on membrane- al., 1998; Hirao et al., 1996; Serrador et al., 1997; Yone-
cytoskeleton dynamics (reviewed in Alcover and Rou- mura et al., 1998). Moreover, the N-terminal domain of
mier, 1999; Dustin and Cooper, 2000). ERMs interacts with regulators of the Rho-family
Upon antigen recognition, TCRs, coreceptors, signal- GTPases, such as RhoGDI and Dbl (Takahashi et al.,
ing molecules, and adhesion receptors polarize to the 1997, 1998), with the regulatory subunit of phosphatidyl-
T cell-APC contact site, termed the immunological syn- inositol 3-kinase (Gautreau et al., 1999), with the Fas
apse, and segregate into distinct supramolecular clus- receptor (Parlato et al., 2000), and with PKC- (Ng et
ters following a precise relative topology (Grakoui et al., al., 2001). ERMs are also involved in actin assembly of
phagosomal membranes (Defacque et al., 2000). There-
fore, ERMs can be considered multifunctional molecules6 Correspondence: aalcover@pasteur.fr
Immunity
716
Figure 1. T Cell Activation Induces the Relocalization of Ezrin and F-Actin to the T Cell-APC Contact Area
Jurkat T cells (J77cl20) were incubated for 15 min at 37C with APCs (Raji) prepulsed with medium alone (control) or with SEE superantigen
(activated) and analyzed by confocal microscopy. Immunofluorescence stainings were the following: anti-CD3 (UCHT-1) (A, B, and C), or anti-
CD43 (G19-1) (E) mAbs; followed by FITC-coupled secondary Abs, Texas-Red-coupled phalloidin and anti-ezrin rabbit Abs; followed by
Cychrome-5-coupled secondary Abs. The position of the T cell is indicated in the differential interference contrast (DIC) image. Bar  5 m.
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involved in cellular architecture, intracellular signaling, expression in Jurkat cells is much higher than in Raji
cells, used here as APCs (not shown).and membrane trafficking.
Herein we show that ezrin is involved in membrane We observed that in activated T cells, CD43 was con-
centrated on the sides of the T cell-APC contact region,and cytoskeleton rearrangements that lead to the forma-
tion of the immunological synapse and subsequent T coinciding with the concentration of ezrin in these mem-
brane structures (Figure 1E, merge). In contrast, CD43,cell activation.
as well as ezrin, were excluded from the center of the
T cell-APC contact area (Figure 1E), in agreement withResults
previous reports (Delon and Germain, 2000; Sperling et
al., 1998; van der Merwe et al., 2000). These data suggestEzrin Concentrates at the T Cell-APC Contact
that ezrin and the transmembrane molecules associatedArea in Activated T Cells
with it, such as CD43, could help building a molecularTo investigate the role of ezrin in membrane and cy-
scaffold between membrane and cytoskeleton compo-toskeleton remodeling at the site of interaction between
nents at the periphery of the T cell-APC contact zone.T cells and APCs, we first carried out immunolocalization
experiments. Thus, Jurkat T cells were incubated with
APCs (Raji) either unpulsed or pulsed with Staphylococ- Accumulation of Ezrin in the T Cell-APC Contact Area
Also Occurs in Peripheral Blood T Cellscus enterotoxin E (SEE) superantigen. The distribution
of TCRs, filamentous actin (F-actin), and ezrin was then and in Antigen-Specific Jurkat Cells
Ezrin accumulation in the T cell-APC contact zone wasanalyzed by confocal microscopy. In the absence of
stimulus (Figure 1A), TCRs were evenly distributed on also observed in human peripheral blood CD4-purified
T cells (PBT cells) encountering enterotoxin superanti-the T cell surface, and ezrin and F-actin were slightly
concentrated in the T cell-APC junction. In the presence gen-pulsed APCs (Raji), but not in controls (Figures 2A
and 2B). This indicates that ezrin relocalization to the Tof superantigen, T cells displayed large membrane pro-
trusions in contact with the APC that were enriched in cell-APC interface is not a particular phenomenon of
transformed Jurkat T cells. Of note is than in PBT cells,F-actin and ezrin, the latter mainly in the edges (Figures
1B and 1C). TCRs clustered at the T cell-APC junction TCR clustering was not as intense as in Jurkat cells and
was observed only after 30 min of activation (Figure 2in the central zone of the cavity formed by the membrane
protrusion (Figures 1B and 1C). Of note is that the ex- B). However, as in Jurkat cells, strong ezrin relocaliza-
tion was readily observed after 15 min activation (notpression of ezrin in Raji cells, used here as APCs, is
weaker than in the T cell line Jurkat, explaining the weak- shown). This indicates that ezrin relocalization at the T
cell-APC contact zone preceded pronounced TCR clus-ness of labeling in some of the microscopy images.
About 70% of T cell-APC conjugates displayed TCR tering. At 1 hr, ezrin concentration at the T cell-APC
interface was still observed, although the membranecaps and membrane protrusions rich in F-actin and ezrin
(Figure 1D). In contrast, no conjugate presented TCR protrusion in contact with the APC had retracted to a
smaller area (not shown).caps in control cells, in agreement with previous reports
(Kupfer and Singer, 1989). However, 20%–30% of cell Furthermore, to rule out that ezrin relocalization was
only induced by enterotoxin superantigens, Jurkat Tconjugates formed by nonactivated T cells displayed a
moderate accumulation of F-actin and ezrin, suggesting cells expressing the influenza hemagglutinin-specific
HA1.7 TCR were activated with APCs pulsed with HAthat ezrin can be mobilized in part by TCR-independent
signals, likely coming from adhesion and cosignaling peptide antigen. Accumulation of ezrin and TCR cluster-
ing was readily observed in these activated T cells, butmolecules. In activated cells, we observed an increase
in the percentage of conjugates displaying F-actin and not in controls (Figures 2C and 2D). This indicates that
ezrin relocalization in the T cell-APC contact zone alsoezrin relocalization, as well as in the extent of accumula-
tion of these proteins in the contact zone. occurs upon T cell stimulation with peptide antigen.
These data show that ezrin is relocalized to the T cell-
APC contact area upon activation with peptide antigenEzrin and CD43 Are Concentrated at the Periphery
or enterotoxin superantigens, therefore indicating thatof the T Cell-APC Contact Zone
ezrin is a peripheral component of the immunologicalSeveral adhesion molecules, such as ICAM-1, ICAM-2,
synapse.ICAM-3, CD43, and CD44, interact through their cyto-
solic tails with ERMs (Heiska et al., 1998; Serrador et
al., 1997, 1998; Yonemura et al., 1998). We therefore TCR-CD3 Signaling Induces Ezrin Relocalization
to the Site of Stimulationinvestigated whether the localization of these trans-
membrane proteins correlated with that of ezrin in the Strong accumulation of ezrin in the T cell-APC contact
zone was dependent on TCR activation. We therefore ana-T cell-APC contact area. CD43 was chosen since its
(A and B) Medial optical sections of representative T cell-APC conjugates of control cells (A), or cells activated with SEE superantigen (B),
stained for CD3, F-actin, and ezrin.
(C) Left, projection of ten sequential optical sections of the conjugate shown in (B); right, densitometry profiles of fluorescence intensities of
ezrin (pink) and F-actin (red) in the projection image, measured following the line shown by an arrow in the DIC image.
(D) T cells engaged in conjugates and displaying either TCR cap, F-actin, or ezrin accumulation were scored under a fluorescence microscope.
Means  SD of three independent experiments are shown (n  total number of conjugates examined for each staining).
(E) Medial optical section of a representative T cell-APC conjugate of cells activated with superantigen and stained for CD43 and ezrin. Thin
arrows point the accumulation of ezrin and CD43, whereas thick arrows point the zone of minimal presence of ezrin and CD43.
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Figure 2. Peripheral Blood T Cells and the HA-Specific Jurkat Cells Accumulate Ezrin in the APC Contact Area after Stimulation with Enterotoxin
Superantigens or HA Peptide Antigen, Respectively
Peripheral blood CD4-purified T cells were incubated for 30 min at 37C with APCs (Raji) pulsed with medium alone (A), or with SE superantigens
(B). HA-specific Jurkat cells CH7WT-A14 were incubated for 15 min at 37C with APCs (L531 B7) pulsed with medium alone (C), or with HA
peptide antigen (D). Cells were stained for immunofluorescence using anti-CD3 mAb (UCHT-1) and rabbit anti-ezrin Ab, followed by fluorescein-
coupled anti-mouse IgG1, rhodamine-coupled anti-rabbit Ig Abs, and, finally, by Alexa Fluor-488 anti-fluorescein Ab. A medial confocal optical
section of a representative T cell-APC conjugate is shown. The position of the T cell is shown in the DIC image. Thin arrows point the areas
of accumulation of ezrin, whereas thick arrows point the TCR cluster.
lyzed whether TCR-mediated intracellular signals were We further investigated the signaling events required
for ezrin relocalization after TCR cross-linking. We ana-sufficient to induce ezrin relocalization and whether adhe-
sion molecules that interact with ezrin could be involved. lyzed the involvement of Src-family protein tyrosine ki-
nases, since their activation is one of the earliest TCRTherefore, APCs were replaced by microspheres
coated with monoclonal antibodies (mAbs) directed ei- signaling events and is required for TCR-induced cy-
toskeleton polarization (Krause et al., 2000; Lowin-Kropfther to TCR-CD3, or to adhesion molecules that interact
with ezrin. Anti-CD3-coated beads induced large mem- et al., 1998). Ezrin relocalization, as well as the induction
of F-actin rich membrane protrusions, were inhibited inbrane protrusions strongly enriched in ezrin and F-actin
(Figure 3A), reminiscent of those induced by antigen or the Lck-deficient Jurkat variant JCaM1.6 (Figure 3C).
Moreover, a stronger inhibition was obtained when wild-superantigen-pulsed APCs (Figures 1 and 2). In contrast,
beads coated with mAbs to ICAM-2, ICAM-3, or CD43, type cells were assayed in the presence of the src-family
kinase inhibitor PP1 (Figure 3 D). Thus, ezrin relocaliza-or with poly-L-lysine, did not induce F-actin-rich protru-
sions or ezrin relocalization (Figure 3B and data not tion was observed in 80% of cell-bead conjugates of
wild-type cells, versus 20% in Lck-negative variant andshown). Ezrin relocalization was observed in 70% of
cells bound to anti-CD3-coated beads, versus less than 5% in wild-type cells incubated with PP1 (Figure 3F).
These data show that TCR-mediated signaling, via10% of cells bound to beads coated with poly-L-lysine,
anti-ICAM-2, anti-ICAM-3, or anti-CD43 (Figure 3E). src-family protein tyrosine kinases, can induce the relo-
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calization of ezrin to the site of stimulation, indicating such as conjugate formation, actin cytoskeleton remod-
eling, or protein tyrosine phosphorylation.that ezrin is an effector of TCR signaling.
Overexpression of the N-Terminal DomainOverexpression of the N-Terminal Domain of Ezrin
of Ezrin Perturbs the FormationInhibits the Activation of NF-AT
of the Immunological SynapseMembrane-cytoskeleton dynamics are important for the
Polarization of receptors and subsequent segregationstability of T cell-APC interactions, the formation of the
into supramolecular clusters in the immunological syn-immunological synapse, and subsequent sustained T
apse require an intact actin-myosin cytoskeleton andcell signaling necessary for activation of IL-2 gene tran-
agonistic TCR stimulation (Grakoui et al., 1999; Monksscription. To analyze the involvement of ezrin for these
et al., 1998; Wu¨lfing and Davis, 1998). Ezrin, by linkingprocesses, its function was perturbed by overexpress-
membrane and cytoskeleton components, could facili-ing the N-terminal membrane binding domain (amino
tate molecular polarization and/or clustering in the Tacids 1–309, Figure 4A), and the effect on NF-AT activa-
cell-APC contact zone.tion was analyzed.
Therefore, we first analyzed whether overexpressionT cells were transfected with plasmids encoding full-
of N-terminal ezrin had an effect on molecular polariza-length ezrin (wild-type) or its N-terminal domain tagged
tion to the T cell-APC contact zone. We studied TCRwith VSVG sequence. Activation of NF-AT was mea-
and PKC- polarization, since they are key moleculessured as described in methods. Various doses of each
clustering at the immunological synapse (Monks et al.,construct were transfected, and the expression of exog-
1997, 1998). The number of T cell-APC conjugates ofenous ezrin proteins was revealed by Western blotting
transfected cells that displayed an accumulation of TCRusing anti-VSVG-tag antibodies (Abs). The comparison
or PKC- in the contact site was scored. PKC- ap-of luciferase activity was then made between trans-
peared less frequently accumulated in T cell-APC junc-fected cells expressing similar levels of exogenous pro-
tions of cells expressing N-terminal ezrin than in con-teins. Overexpression of the N-terminal ezrin inhibited
trols, whereas no changes were observed in TCRactivation of NF-AT in response to superantigen-pulsed
accumulation (Figure 6A). This suggests that ezrin con-APCs (Figure 4B) or to the HA peptide antigen (Figure
tributes to the polarization of PKC- to the T cell-APC4 D). Over a certain level of expression, wild-type ezrin
contact site, but not to that of TCR-CD3.was also inhibitory, although always substantially less
Since no changes in TCR polarization were observedthan the N-terminal domain (Figure 4D and data not
by overexpressing N-terminal ezrin, we analyzedshown). Inhibition of NF-AT activation was not due to
whether TCR clustering in the immunological synapseincreased cell mortality, as assessed by the same recov-
could be affected. To this end, T cell-APC conjugatesery of transfected cells before and after activation (not
were analyzed by confocal microscopy as described inshown).
Experimental Procedures. Projections on the XZ-planeThese data indicate that overexpression of the
corresponding the T cell-APC junction revealed patternsN-terminal domain of ezrin inhibits antigen- or superanti-
of TCR distribution similar to those reported (see Gra-gen-triggered T cell signaling cascades leading to NF-
koui et al., 1999; Leupen et al., 2000; Monks et al., 1998).AT activation.
Some T cell-APC conjugates displayed TCRs concen-
trated in a small area of the T cell-APC contact zone
(Figure 6C, panel g), whereas others showed many smallOverexpression of the N-Terminal Domain of Ezrin
Does Not Affect Early T Cell Activation Events TCR clusters spread over a large area of the cell-cell
junction (Figure 6B, panel c). Intermediate patterns wereActivation of NF-AT requires sustained T cell activation,
which depends on the stability of T cell-APC conjugates, also observed (data not shown). These patterns likely
represent the different stages of maturation of the immu-the integrity of the actin cytoskeleton, and early T cell
signaling. We therefore investigated whether overex- nological synapse (Grakoui et al., 1999; Krummel et al.,
2000), the more the TCR is clustered in a small zone,pression of the N-terminal domain of ezrin could affect
any of these phenomena. This was not the case since the more mature the synapse can be considered.
TCR clustering in the immunological synapse wasthe amounts of conjugates and the kinetics of conjugate
formation between T cells and APCs after SEE activation then quantified by computer-assisted image analysis.
The method used determines the number of clusterswere similar in cells transfected with N-terminal ezrin
and in controls (Figure 5A). T cell-APC conjugate forma- per synapse, as well as their spatial positioning, and
then calculates the bounding surface that includes alltion was nevertheless dependent on the integrity of the
actin cytoskeleton since it was completely inhibited by the detected TCR clusters. This allows quantitation of
cluster spreading in the T cell-APC contact site. Thecytochalasin D (data not shown). Moreover, the forma-
tion of F-actin rich membrane protrusions at the T cell- average surface occupied by the TCR clusters was de-
termined to be 1.7-fold higher in cells transfected withAPC junction appeared similar in cells transfected with
N-terminal ezrin and in nontransfected cells (Figure 5B). N-terminal ezrin than in controls or in cells transfected
with wild-type ezrin (Figure 6D). Moreover, the averageFinally, we observed the same increase in total protein
tyrosine phophorylation after SEE activation in cells number of clusters per synapse was about 2-fold higher
in N-terminal ezrin transfectants than in controls at 15transfected with N-terminal ezrin and in controls (Fig-
ure 5C). min activation (49 versus 19 clusters) and at 30 min
activation (14 versus 8 clusters). Finally, an estimateThese data indicate that overexpression of N-terminal
ezrin does not affect early events of T cell activation, of synapse maturation was obtained by counting the
Immunity
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Figure 3. T Cell Stimulation with Microspheres Coupled with Anti-CD3 mAb Induces the Relocalization of Ezrin: Implication of Src-Family
Protein Tyrosine Kinases
Wild-type Jurkat T cells (A, B, and D) or Lck-deficient Jurkat variant JCaM1.6 (C) were incubated with 6 m beads coated with anti-CD3 mAb
(A, C, and D) or anti-ICAM-2 mAb (B). In (C), the Src-family inhibitor PP1 was present. Cells were stained with anti-ezrin rabbit Ab, followed
by rhodamine-coupled secondary Ab and Alexa-488-coupled phalloidin, and analyzed by confocal microscopy. A projection of three optical
sections is shown for each cell conjugate. The number of wild-type Jurkat cells displaying accumulation of ezrin on beads coated with anti-
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number of synapses displaying one to three clusters. the formation of membrane protrusions strongly en-
riched in ezrin and F-actin. However, other stimuli fromThese synapses displayed maximal TCR concentration,
whereas synapses displaying more than four TCR clus- the APC may also contribute to ezrin and actin relocal-
ization, since APCs induced moderate accumulationsters looked more dispersed. According to these criteria,
the percentage of mature synapses was also about of F-actin and ezrin in the absence of TCR stimulation.
Ezrin could therefore also play a role in early T cell-APC2-fold higher in control cells than in N-terminal ezrin
transfectants (48% versus 22% of synapses contained adhesion phenomena, which could be in part dependent
on adhesion molecules that interact with ezrin, such asthree or less TCR clusters).
These data strongly suggest that ezrin is necessary ICAMs, and that would be reinforced by TCR-mediated
signals. Indeed, TCR cross-linking induced by itself afor TCR clustering at the immunological synapse.
strong relocalization of ezrin. Consistently, Src-family
protein tyrosine kinases were required for ezrin relocal-Discussion
ization, as shown by the lower accumulation of ezrin
displayed by Lck-deficient cells, or by cells treated withThe data reported here indicate that the membrane-
cytoskeleton linker ezrin is involved in membrane- the Src-family inhibitor PP-1. Of note is that a partial
response of Lck-deficient cells was observed. This iscytoskeleton dynamics during the formation of the im-
munological synapse and conditions T cell activation. likely due to the presence of Fyn, which may compen-
sate in part the lack of Lck in these cells. Consistently,We observed that ezrin is recruited to the contact
zone between T cells and APCs pulsed with bacterial the common inhibitor PP-1 completely blocked ezrin
relocalization. Interestingly, ezrin relocalization was al-superantigen or peptide antigen. Interestingly, moesin,
but not radixin, was also recruited to the T cell-APC ways accompanied by F-actin accumulation at the stim-
ulatory contact zone and had the same signaling require-contact zone (data not shown). Whether ezrin and moe-
sin play redundant or complementary roles in the immu- ments. Our data therefore suggest that the relocalization
of ezrin to the APC contact zone is linked with the polar-nological synapse remains to be investigated.
The relocalization of ezrin to the T cell-APC junction ized polymerization of actin in this area. Ezrin therefore
appears as an effector of TCR signaling involved inwas concomitant with that of CD43, a transmembrane
protein interacting with ezrin. Indeed, CD43 and ezrin membrane-cytoskeleton dynamics at the T cell-APC
contact zone.appeared more concentrated in the periphery of the T
cell-APC contact zone and rather excluded from the Definite evidence for the functional importance of ez-
rin comes from the observation that overexpression ofcenter of the immune synapse. Previous reports have
shown that CD43 was largely excluded from the T cell- the N-terminal membrane binding domain inhibited the
activation of NF-AT induced by peptide antigen- or su-APC contact site, and they also noticed a concentration
at the edges of the T cell-APC contact area (Sperling et perantigen-pulsed APCs. Interestingly, over a certain
level of expression, wild-type ezrin also inhibited NF-al., 1998). The differences in the magnitude of CD43
exclusion from the center of the immunological synapse AT activation, although to a much lesser extent. This
inhibitory effect was specific of ezrin, since overexpres-between previous reports and our data could reside in
the cellular system used, the time of activation, or in sion of another actin cytoskeleton-related protein, coro-
nin-1, had no effect on NF-AT activation (unpublisheddifferences in the microscopy procedure. The concomi-
tant relocalization of F-actin, ezrin, and their interacting data). A possible interpretation of the inhibitory effect
of wild-type polypeptide is that ezrin may mediate mo-transmembrane molecules might form a membrane-
cytoskeleton scaffold at the periphery of T cell-APC lecular interactions between regulatory proteins that are
in limiting amounts and control NF-AT activation.contact zone that could reinforce T cell-APC adhesion
and favor molecular organization in the immunological The molecular mechanism underlying the organization
of the immune synapse is still an enigma. Interestingly,synapse. In addition, other membrane-cytoskeleton
linkers are likely involved in this molecular scaffold. For a productive TCR signaling is required, since upon T cell
stimulation with modified antigenic peptides the finalinstance, talin and CD2AP can link integrins and CD2
adhesion molecules respectively with the cytoskeleton patterning of supramolecular activation clusters is not
attained, although a polarization of receptors in the Tand take part in the immunological synapse (Dustin et
al., 1998; Monks et al., 1998). Interestingly, talin belongs cell-APC interface still occurs (Grakoui et al., 1999;
Monks et al., 1998). This suggests that effectors of TCRto the band 4.1 protein superfamily, displaying an
N-terminal domain homologous to that of ERMs (Bret- signaling may create the basis for building the immuno-
logical synapse. Our data suggest that ezrin may be onescher et al., 2000). We therefore propose that ezrin is a
novel member of the peripheral supramolecular clusters of these effectors, linking membrane and cytoskeleton
components in response to TCR triggering and helpingthat form the immunological synapse.
We show that TCR-CD3-mediated signals induce ez- the molecular polarization and clustering at the immuno-
logical synapse. Consistently, overexpression of therin relocalization. Thus, anti-CD3-coated beads induced
CD3, anti-ICAM-2, anti-ICAM-3, anti-CD43 mAbs, or poly-L-lysine were scored under a conventional fluorescence microscope (E). The number
of cells displaying accumulation of ezrin on beads coated with anti-CD3 mAbs were scored in wild-type Jurkat cells, in the absence or in the
presence of PP1, and in the Lck-deficient variant JCaM-1.6 (F). The results in (E) and (F) are expressed as the percentage of T cell-bead
conjugates displaying accumulation of ezrin. The graphs represent the averageSD of two independent scores from two different experiments
(n  total number of conjugates examined for each experimental condition).
Immunity
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Figure 4. Overexpression of the N-Terminal Domain of Ezrin Inhibits the Activation of NF-AT
Wild-type or N-terminal ezrin polypeptides are schematized in (A). ERMAD stands for ERM association domain. N-ERMAD interacts with
plasma-membrane components, and C-ERMAD interacts with F-actin. Jurkat T cells (J77cl20) (B and C) or the influenza hemagglutinin-specific
Jurkat clone CH7WT-A14 (D and E) were transfected with various amounts of expression vectors either empty or encoding VSVG-tagged
wild-type or the N-terminal ezrin together with -galactosidase and NF-AT-luciferase reporter gene plasmids. The day after, cells were activated
with SEE superantigen (B and C) or HA peptide antigen (D and E) for 8 hr. Luciferase activity was then measured and its value corrected for
transfection efficiency as described in Experimental Procedures. A comparison of activity was made between transfectants expressing similar
levels of exogenous tagged protein, as revealed by Western blots using anti-VSVG-tag mAb (C and E). Histograms represent the mean  SD
of triplicate values obtained in a representative experiment out of ten performed with superantigen and two with peptide antigen.
N-terminal domain of ezrin perturbed PKC-polarization of TCR clusters that were spread over a larger surface.
Therefore, ezrin appears to be involved in the formationto the T cell-APC contact site. TCR polarization was not
significantly affected, suggesting that various mecha- and maturation of the immunological synapse interven-
ing at two levels, molecular polarization and further clus-nisms may coexist to route receptors and intracellular
signaling molecules to the immunological synapse. tering.
Overexpression of the N-terminal domain of ezrin didMoreover, ezrin appears to be necessary for TCR clus-
ters to coalesce into a large cluster typical of the mature not inhibit early T cell activation events, such as T cell-
APC conjugate formation, total protein tyrosine phos-immunological synapse. Thus, synapses of T cells trans-
fected with N-terminal ezrin displayed larger numbers phorylation, or F-actin accumulation in the T cell-APC
Involvement of Ezrin in the Immunological Synapse
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Figure 5. Overexpression of the N-Terminal
Domain of Ezrin Does Not Inhibit Early T Cell
Activation Events
(A) Conjugate formation. Jurkat T cells (J77cl20)
were transfected with plasmids encoding
GFP or GFP-tagged N-terminal ezrin. The day
after, transfected cells were mixed with APCs
(Raji) preloaded with cell tracker orange and
pulsed with 5 g/ml SEE superantigen. At dif-
ferent times, the cells were resuspended and
analyzed by flow cytometry. Conjugates were
scored as percentage of transfected cells (la-
beled in green) also emitting red fluores-
cence. A representative experiment out of
five is shown.
(B) F-actin accumulation at the T cell-APC
contact zone. Jurkat T cells (J77cl20) were
transfected with VSVG-tagged N-terminal ez-
rin contruct. The day after, cells were acti-
vated for 15 min with APC (Raji) pulsed with
5 g/ml SEE. Cells were stained with anti-
VSVG mAb, followed by FITC-coupled anti-
mouse IgG1 and Alexa-Fluor-546-coupled
phalloidin, and analyzed by confocal micros-
copy. The figure shows a surface-proximal
optical section of a T cell-APC conjugate
formed by one APC and two T cells, one of
them (the upper one) being transfected. A
representative experiment out of three is
shown.
(C) Protein tyrosine phosphorylation. Jurkat
T cells (J77cl20) were transfected with plas-
mids encoding GFP-or GFP-tagged N-termi-
nal ezrin. The day after, the cells were acti-
vated for 0, 1, 3, and 10 min with APCs (Raji)
pulsed with 5 g/ml SEE. Cells were then
fixed, permeabilized and stained with anti-
phosphotyrosine mAb, followed by phycoer-
ythrin-coupled secondary Ab, and analyzed
by flow cytometry, gating the transfected cell
population. A representative experiment out
of three is shown.
contact area. This suggests that ezrin is important for junction that is induced by TCR signaling. In this context,
N-terminal ezrin is expected to inhibit the interaction oflater activation events, occurring upon its recruitment
to the immunological synapse. We cannot rule out, how- endogenous ezrin with plasma membrane components
without altering its interaction with F-actin. Consistentever, subtle effects of N-terminal ezrin on these early
activation events that we could not detect by our with this, N-terminal ezrin inhibits TCR clustering. How-
ever, we could not detect changes in CD43 relocalizationmethods.
Overexpression of N-terminal ezrin did not block the in the T cell-APC junction. It is likely that N-terminal
ezrin induces a destabilization of membrane-cytoskele-relocalization of endogenous ezrin to the T cell-APC
contact zone (data not shown). This is consistent with ton interactions mediated by endogenous ezrin rather
than a strong blockade of membrane-cytoskeleton re-the observation that ezrin relocalization is mainly in-
duced by TCR signaling and is always accompanied by arrangements. This is translated into subtle effects on
the maturation of the immunogical synapse that in turnF-actin accumulation in the T cell-APC junction. This
suggests that relocalization of ezrin may be driven by result in diminished T cell activation.
We can propose at this point the following molecularpolarization of the actin cytoskeleton toward the APC
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mechanism to explain ezrin relocalization and its subse- synapse, ezrin may contribute to set the scaffold be-
tween the actin cytoskeleton and transmembrane pro-quent role in the immunological synapse. TCR triggering
activates Src-family protein tyrosine kinases and in- teins facilitating cell-cell interactions and receptor reten-
tion at the immunological synapse. Second, ezrin mayduces polarized changes in actin cytoskeleton dynam-
ics at the site of contact with the stimulatory APC. In facilitate the polarization of signaling complexes toward
the T cell-APC contact area and the final coalescencethis signaling pathway, the small GTPases Rac and
Cdc42, their regulatory guanine nucleotide exchange of clusters needed for sustained T cell activation.
factor Vav-1, and their downstream effector WASP likely
play key roles (reviewed in (Acuto and Cantrell, 2000;
Experimental ProceduresDustin and Cooper, 2000; Fischer et al., 1998)). Concom-
itantly, PKC- is activated (Monks et al., 1997) and could Cell Lines
phosphorylate threonine-567 in ezrin (Pietromonaco et The human leukemia T cell line Jurkat, clone J77cl20, and the APC
Raji have been described (Niedergang et al., 1997a; San Jose´ et al.,al., 1998), stabilizing its active conformation that binds
2000). The Lck-deficient Jurkat variant J.CaM1.6 (Straus and Weiss,microfilaments and plasma membrane components (re-
1992) was a gift of Dr A. Weiss, University of California, San Fran-viewed in Bretscher, 2000). Perhaps through binding to
cisco. The Jurkat clone CH7WT-A14 expressing a TCR specific ofF-actin, ezrin would polarize to the contact zone with
the influenza hemagglutinin peptide HA 307-319 has been described
APC and then help polarization and/or anchoring of ad- (Hewitt et al., 1992; Michel et al., 2000). The APC L531.B7 has been
hesion receptors in the T cell-APC contact zone. This, described (Tuosto et al., 1995). Peripheral blood CD4 T cells were
isolated from healthy donors by negative selection using the CD4in turn, would reinforce T cell-APC interactions and help
kit and an AutoMacs apparatus from Miltenyi Biotec (Bergisch Glad-molecular clustering at the immunological synapse.
bach, Germany).In addition, polarization of ezrin may help the relocal-
ization of signaling complexes toward the APC contact
area. For instance, ezrin seems to contribute to PKC- Reagents
polarization to the APC contact site. Interestingly, PKC- Polystirene microspheres were from Polysciences, Warrington, PA.
Staphylococcus enterotoxins were from Toxin Technology, Madi-is recruited to membrane lipid rafts and polarized to-
son, WI. PP1 was from Calbiochem, La Jolla, CA. Cell Tracker Or-gether with them to the T cell-APC contact site (Bi et al.,
ange CMTMR was from Molecular Probes, Eugene, OR.2001). Since ezrin interacts with lipid rafts (unpublished
data) (Michaely et al., 1999), it could help to polarize
PKC- as well as other signaling molecules associated Antibodies and Immunofluorescence Reagents
with lipid rafts. Moreover, we observed that Vav-1 coim- The anti-CD3 monoclonal antibodies (mAb), UCHT1 (IgG1), and
OKT3 (IgG2a) were used as described (Niedergang et al., 1997a).munoprecipitated with ezrin and relocalized concomi-
The anti-VSV-tag mAb P5D4 (IgG1)(Kreis, 1986), was a gift of Dr T.tantly with ezrin to the T cell-APC contact zone (unpub-
Kreis, Geneva, Switzerland. The anti-phosphotyrosine mAb 4G10lished data). This could be a way to help Vav polarization
(IgG1) was from Upstate Biotechnology, Lake Placid, NY. The anti-toward the immunological synapse.
ezrin polyclonal rabbit Ab has been described (Algrain et al., 1993).
Finally, ezrin would play a role in TCR clustering at the Anti-ICAM-2 (CBR-IC2/1), anti-ICAM-3 (CBR-IC3/1), and anti-CD43
immunological synapse. In particular, our data suggest (G19-1) were from the Fifth International Workshop on Human Leu-
kocyte Differentiation Antigens (Boston, MA, 1993). Fluoresceinthat ezrin helps small TCR clusters to coalesce into large
(FITC)-coupled anti-mouse IgG1 Abs was from Southern Biotechnol-clusters that mark the maturity of the immunological
ogy, Birmingham, AL. Alexa-Fluor-coupled reagents were from Mo-synapse (Grakoui et al., 1999; Monks et al., 1998). This
lecular Probes, Eugene, OR. Cychrome-5 (Cy5)-coupled anti-rabbitconcept could be extended to other cosignaling recep-
Ig was from Amersham-Pharmacia Biotech, Les Ulis, France. Rho-
tors and signaling molecules. damine-coupled goat anti-rabbit Ig and phycoerythrin-coupled goat
In conclusion, we propose two roles for ezrin. First, anti-mouse Ig Abs were from Immunotech, Marseille, France. Texas
Red-coupled phalloidin was from Sigma.by concentrating in the periphery of the immunological
Figure 6. Overexpression of the N-Terminal Domain of Ezrin Perturbs the Formation of the Immunological Synapse
Jurkat T cells (J77cl20) were transfected with plasmids encoding GFP, or VSVG-tagged wild-type or N-terminal ezrin. The day after, cells were
activated for 30 min with APCs pulsed with 5 g/ml of SEE. Cells were then stained by immunofluorescence using anti-TCR-CD3 mAbs or
anti-PKC- mAb, and anti-VSVG-tag mAb when necessary. The number of T cell-APC conjugates of transfected cells displaying TCR or PKC-
accumulation at the T cell-APC contact site were counted under a conventional fluorescence microscope. (B–D) TCR-CD3 clustering in the
T cell-APC contact site was analyzed by confocal microscopy as described in Experimental Procedures.
(A) Percentage of T cell-APC conjugates displaying accumulation of TCR-CD3 or PKC- in the T cell-APC contact site referred to the percentage
of conjugates of nontransfected cells displaying similar accumulations. (n  number of total conjugates examined for each staining. The same
number of conjugates of transfected and untrasfected cells were counted).
(B) Representative T cell-APC conjugate with a T cell overexpressing N-terminal ezrin. (a and b) Medial optical section showing the location
of TCR (green, a), and VSVG-tag staining (red, b). (c) XZ-plane projection of the cell-cell junction zone showing a dotty pattern of TCRs
distributed over a large area of the cell-cell junction. (d) DIC image (the position of the T cell is indicated by a T).
(C) T cell-APC conjugate with a T cell expressing GFP. (e and f) medial optical section showing the location of TCR (red, e) and GFP (green,
f). (g) XZ-plane projection of the cell-cell junction zone showing TCRs concentrated mostly in a small area of the T cell-APC junction. (h) DIC
image (the position of the T cell is indicated by a T).
(D) Quantitative image analysis of XZ-plane projections of immune synapses formed by cells transfected with GFP, wild-type ezrin, or N-terminal
ezrin. The bounding surface including all the TCR clusters was calculated by computer-assisted image analysis as described in methods.
The figure shows the average SD of two experiments (n  number of synapses analyzed for each type of transfectant). The average surface
occupied by all TCR clusters in cells tranfected with N-terminal ezrin was significantly different than that of WT-transfectants or controls with
p 	 0.05 in a Student’s test.
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Expression Vectors APCs were pulsed for 20 min at 37C with or without 0.01 g/ml
SEE, whereas L531.B7 were pulsed overnight with or without 5 g/The green fluorescent protein (GFP) expression vector pEGFP-N1
was from Clontech, Palo Alto, CA. VSVG-tagged WT and N-terminal ml of HA307-319 peptide antigen in flat-bottom 96-well plates. T
cells were then added and activation pursued for 8 hr at 37C.ezrin expression vectors have been described (Algrain et al., 1993).
pSV--gal and NF-AT-luciferase reporter gene expression vectors Luciferase and -galactosidase assays were performed according
to the manufacturer’s instructions (Promega, Madison, WI). Lucifer-were previously described (Me`ge et al., 1996). The GFP-tagged
N-terminal ezrin construct encodes the first 310 amino acids of ezrin ase acitivity, in triplicate samples, was measured in a microplate
luminometer (EG & G Berthold, Perkin Elmer) and normalized to thefused to GFP in C terminus. Both, VSVG- and GFP-tagged N-terminal
ezrin contructs gave rise to polypetides with the same subcellular -galactosidase values.
localization in the plasma membrane and were equally capable of
inducing filopodia in epithelial cells. This shows that both tagged Conjugate Formation
proteins were biologically active. Conjugate formation was analyzed by flow cytometry. Jurkat cells
were transfected with GFP- or GFP-tagged N-terminal ezrin. The day
T Cell Activation Prior to Microscopy after, Raji cells were loaded with 2M CTO following manufacturer’s
T cell activation with superantigen was performed by pulsing APCs instructions and pulsed with SEE at 5 ug/ml for 15 min at 37C. T
(Raji) for 15 min with 10 g/ml of SEE (Jurkat activation), or with a cells and APCs were then mixed at a cell ratio of 1, and, at the
mix of 2 g/ml each SEA, SEB, SEC3, and SEE (PBT cell activation). indicated times, the cells were resuspended and analyzed by flow
Peptide antigen T cell activation was performed by pulsing APCs cytometry. Transfected cells engaged in conjugates appeared as
(L531.B7) with HA307-319 peptide at 200 g/ml, for 3 hr at 37C. T bicolor events.
cells were then added at a T cell/APC ratio of 2, and the incubation
was pursued for various times. T cell activation with Ab-coated Protein Tyrosine Phosphorylation
beads was performed as described (Krause et al., 2000). When Protein tyrosine phosphorylation was analyzed by flow cytometry.
indicated, the Src-family inhibitor PP1 was added at 10 M. Jurkat cells were transfected with GFP or GFP-tagged N-terminal
ezrin. The day after, Raji cells were pulsed with SEE at 5 ug/ml and
Immunofluorescence Microscopy mixed with T cells and activated for various times at 37C. Activation
Immunofluorescence microscopy was carried out in part as pre- was stopped by addition of 2 ml of cold PBS, and the cells were
viously described (Niedergang et al., 1995, 1997b). After activation, fixed, permeabilized, and stained with anti-phosphotyrosine mAb
cell suspensions containing 106 cells/slide were put onto poly-L- (4G10) followed by phycoerythin-coupled secondary Ab. Tyrosine-
lysine-coated coverslips, let sediment for 5 min, then centrifuged phosphorylation was measured by flow cytometry on transfected
at 47
 g for 1 min, and, finally, fixed for 30 min at room temperature cells only by gating cells with green fluorescence.
in 4% paraformaldehyde. Immunofluorescence staining of cell sur-
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